We developed a simple and versatile imprinting technique in combination with the exposure of ultraviolet light to fabricate several patterned optical wave plates using a polymerizable liquid crystalline (PLC) material. One of such patterned PLC films, produced by imprinting, can be used as both an in-cell retarder and an alignment layer for liquid crystal (LC) display applications. The chain ordering of the PLC molecules produced during imprinting results in anisotropic surface forces to align the LC molecules on the patterned PLC film without any surface treatment. A transflective LC display adopting an imprinted PLC film as an in-cell patterned retarder is demonstrated in a twisted nematic geometry.
INTRODUCTION
Recently, polymeric functional materials have great interest due to their excellent performances in the optical and/or electronic devices as well as potential of molecular engineering for a new class of materials with appropriate physical and optical properties.
Particularly, polymerizable liquid crystalline (PLC) materials have been widely used for producing brightness enhancement films, 1 reflective polarizers, 2,3 compensation films, [4] [5] [6] and retarders [7] [8] [9] in liquid crystal displays (LCDs). In these cases, the PLC should be processed into an optically anisotropic film structure where an alignment layer is typically needed for orienting the PLC molecules.
For producing the optically anisotropic PLC films, a rubbed surface 10 or photo-treated surfaces 11, 12 have been used previously. A commonly used, rubbing process involves generation of electrostatic charges and dust particles from the mechanical contact. As an alternative to the rubbing process, a photoalignment technique has been extensively studied since it offers a unique way of preparing an alignment layer with complex structures for the anisotropic PLC films. However, the photoalignment suffers from the weak anchorage of the PLC on the phototreated surface. Moreover, a baking process of an alignment layer at a high temperature over 120℃ is required. Therefore, a new technique which is capable of aligning the PLC molecules at a low temperature needs to be developed for fabricating liquid crystal (LC) based 4 microstructure devices.
In this work, we developed a simple and versatile imprinting technique, based on a soft-lithography, 13, 14 in combination with the exposure of ultraviolet (UV) light to produce a wide range of optically anisotropic films of the PLC material. For a certain LCD-type, transflective LCD consisting of transmissive and reflective subpixels, 15 the use of an anisotropic PLC film, which serves as both an in-cell retarder and an alignment layer, is extremely important to achieve excellent optical performances and low cost production. The imprinting technique produces the chain ordering of the PLC molecules which results in anisotropic surface forces to align the LC molecules on the anisotropic PLC film without any surface treatment and extra alignment layers. The azimuthal anchoring energy was found to be on the order of 10 -5 J/m 2 , which is sufficiently strong to produce stable electro-optic (EO) characteristics. In a twisted-nematic (TN) transflective LCD configuration, it was demonstrated that the imprinted PLC film behaves as an in-cell patterned retarder and induces two-domain alignment of the LC molecules Figure 1 shows the schematic diagram of producing an optically anisotropic, patterned PLC film by the imprinting technique. The master made of a UV curable photopolymer material (NOA63, Norland Ltd.) on the Si-wafer was used to fabricate a polymer mold based on a poly(dimethylsiloxane) (PDMS, GE silicones) material. As shown as Fig. 1 , the PDMS was first poured on the master to give the polymer mold with thickness of 5 cm. It was then cured on a hot plate for 5 hours at about 70℃ where the adhesion between the PDMS mold and the master was relatively small. The PDMS mold was finally peeled off from the master. The PDMS mold has micro-scale grooves shaped with the line to space (LS). The periods of the PDMS mold were 3.0 µm and 8.0 µm and the LS ratio of the mold was 1. The height of the micro-patterns of the PDMS mold was fixed as 1.2 µm. The feature sizes were determined by using a scanning electron microscopy (SEM). We used a commercial PLC material, RMS 03-001 (E. Merck), to fabricate an optically anisotropic film. The PLC material was spin-coated on a indium-tin oxide (ITO) glass substrate at the spinning rate of 2500 rpm for 30 seconds without a pre-coated alignment layer, giving the layer thickness of 1.5 µm, and baked subsequently at 65℃ for 1 minute. By pressing the PDMS mold onto the prepared PLC layer, micro-scale LS grooves of the mold were replicated on the PLC layer. The micro-patterns of the PDMS mold were well transferred to the surface of the PLC layer under an imprinting pressure resulting from just above a gravitational force of the PDMS mold. After the micro-patterns were formed on the PLC layer, the PLC layer was exposed to the UV light at the intensity of 40 mW/cm 2 for 5 6 minutes under a nitrogen atmosphere so as to preserve the shapes of the micro-patterns. The optically anisotropic PLC film was then peeled off from the PDMS mold. The optical anisotropy was observed with a polarizing optical microscopy (POM, Optiphot2-Pol, Nikon) and the optical retardation was measured using a photo-elastic modulation (PEM) method. In general, it will also be possible to include the optically anisotropic PLC film in the LC cell to achieve a thinner and more durable display.
OPTICALLY ANISOTROPIC PLC FILM

Fabrication of an anisotropic PLC film by imprinting technique
Note that the PDMS mold has sufficient rigidity to prevent the collapse of microgrooves, and at the same time, it is soft enough to release the optically anisotropic PLC film. Using our imprinting process combined with the UV exposure, micro-scale lines will be replicated with high regularity at precisely determined micro-scale intervals, meaning that microgrooves can be replicated with high feature density and precision.
The LC alignment on the optically anisotropic PLC film
Through the imprinting process, an optically anisotropic PLC film was fabricated on the inner side of glass substrate. Using the Berreman concept, 17 the microgrooves were prepared on the surface of the optically anisotropic PLC film to provide the spontaneous alignment of LC molecules on the PLC film without using any surface treatment or an extra alignment layer. The measured azimuthal anchoring energy, generated from the microgrooves, proved the possibility 19 On the other side, the measured azimuthal anchoring energy of the PLC films having the periods of 8.0 µm was 1.44 x 10 -6 J/m 2 , which is weak value for aligning the LC molecules.
APPLICATIONS
Optically anisotropic, patterned PLC optical films by imprinting technique
The optically anisotropic, patterned PLC films are very useful as polarization rotators 20 for stereoscopic devices, reflective color filters, 11 polarization sensitive grating filters, 21 and patterned optical retarders 22 in display applications. One example of an application of this type of layer in LCDs is to use these patterned PLC optical films for optical retardation wave plates.
In particular, it is well known that QWP must be introduced in the LC cell for achieving reflective and transflective LCDs without loss of optical efficiency. 23, 24 Using PDMS mold with LS patterns for imprinting process, this patterned optical retarder can be fabricated using an imprinting technique. Fig. 3(a) . In this case, the bright and dark states were reversed. 
Transflective LCD with an in-cell patterned retarder
In the ubiquitous environment, the patterned PLC retarders 26, 27 are essential to produce transflective LCDs for mobile applications. The in-cell patterned retarders described here have several advantages such as the compactness, light weight, and no parallax over an external optical film when fabricated directly onto the interior of the LCD. Furthermore, due to develop the PLC-based optical components by imprinting technique, a novel transflective LC cell without alignment layers in a simple and cheap manner was obtained. Figure 4 show the structure, operation principles and EO properties of our transflective LC cell with multimode configuration consisting of the 90°-TN mode in the transmissive region and the 45°-TN mode in the reflective region.
The microstructures were prepared on the PLC film to explore the possibility of aligning the LC molecules without using an extra alignment layer and/or any surface treatment.
An optically anisotropic, patterned PLC film was implemented into a LC cell to examine twofold functionality of an alignment layer and an in-cell patterned optical retarder. An array of aluminium (Al) reflectors with the periodicity of 100 µm was prepared on the ITO glass substrate. As shown in Fig. 4 
CONCLUSION
We developed an anisotropic imprinting technique, combined with the exposure of UV light, to produce a patterned optical film of a PLC material. The patterned PLC film can be used as both 
